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Site-specific mutagenesis techniques are aimed at the precise substitution, insertion or

deletion of any coding sequence in vitro. More recently, however, such precise alterations

are also being developed for in vivo gene/genome modifications. These techniques are

revolutionizing our understanding of the genetic and molecular mechanisms in several

biological systems, which could lead to the development of new enzymes, therapeutics as

well as improved agricultural applications.

Introduction

Site-specific mutagenesis, also known as site-directed mu-
tagenesis, is the method used to create specific mutations
in vitro or in vivo, in a given sequence. This technique,
which is now a fundamental tool inmolecular biology, was
first introducedbyMichael Smith and co-workers (Hutchi-
son et al., 1978). The late Michael Smith was awarded the
Nobel Prize for his work in this area in 1993. The method
has evolved significantly due to the recent advancements in
polymerase chain reaction (PCR) techniques that facilitate
making these specific deoxyribonucleic acid (DNA) alter-
ations in vitro at ease.Alterations in theDNAsequence can
be made at a single site or multiple sites within a defined
sequence segment. Base pairs may be substituted, inserted
or deleted. These alterations are often made to affect the
encoded amino acids. Saturation mutagenesis is the pro-
cess of substituting several nucleotides at a given site. Each
base in any targeted coding triplet could be substituted by
any nucleotide, which would give rise to a site-specific
repertoire of all possible amino acids encoded by the mu-
tated triplet. Random mutagenesis, on the other hand,
helps to createmolecular diversity that can be used to select
desired activities of the encoded protein (Xu et al., 1999).
Randommutagenesis can be compared to in vitro directed
molecular evolution as it mimics the natural process of
evolution on an accelerated time scale.

Designing Mutations

The two major concerns in designing a site-directed mu-
tagenesis protocol are how to introduce themutations into
the gene and how to select the mutated gene from the
background.

Making mutations

Site-specific mutations are most commonly designed in
a synthetic oligonucleotide referred to as the mutagenic
oligonucleotide. The mutagenic oligonucleotide sequence is
identical to theparentalDNAsequencewith the exceptionof
one or more base pairs. Given the correct conditions, the
mutagenic primer can anneal to the parentalDNA template.
For best results, mutations should be placed in themiddle of
the oligonucleotide sequence (Figure1a,b).Mutations at gene
termini are possible by attaching additional base pairs on the
distal ends of the oligonucleotide sequence (Figure 1c). For
scattered mutations, sets of mutagenic oligonucleotides can
be designed, with one oligonucleotide for each one or several
nearby mutations using overlapping PCR (Ho et al., 1989)
(Figure 1d). Another approach for scattered mutations is to
design oligonucleotides, one for each mutagenic site. All the
oligonucleotides anneal to the same strand of DNA and sin-
gle-stranded-mutated-DNA is generated by PCR. The sin-
gle-strandedDNA(ssDNA) is converted todouble-stranded
DNA (dsDNA) in vivo (Hogrefe et al., 2002) (Figure 1e).
See also: Nucleotides: uncommon, modified and synthetic
The choice ofDNApolymerase is an important factor in

site-specific mutagenesis. A proofreading DNA polym-
erase without strand displacement is best (Kunkel et al.,
1991; Su and El-Gewely, 1988).
Any amino acid in aprotein canbe replacedby anyof the

other 19 amino acids by site-specific mutagenesis. Some
mutations will lead to inactivation of the protein, and can
be used in protein domain screening, while some amino
acid substitutions may retain activity as was demonstrated
in studies of homologous protein evolution by Plapp
(1995). See also: Evolutionary developmental biology:
homologous regulatory genes and processes; Mutagenesis
mechanisms
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Screening for mutants

Followingmutagenesis, the target genemust be cloned and
transformed in the appropriate host strain for sequence
analysis as well as gene expression of the new variant(s).

DNA sequencing is commonly used to verify the selection
of the desired mutants. In order to enrich for the desired
mutants over the original DNA sequence, both biochemi-
cal and genetic approaches have been developed (Table 1).
The higher the efficiency of site-directed mutagenesis, the
easier it is to obtain the mutants with the desired sequence.
See also: DNA sequencing

Mutagenic Oligonucleotide

Despite the potential of the site-directed mutagenesis tech-
nique, the success of the oligonucleotide-based mutagen-
esis is often dependent on the design of the oligonucleotide
primer. For successful mutagenesis, the following five fac-
tors should be optimized: primer length, melting point
(primer and product), specificity (intra-, inter-, template
homology),GC content and the 3’-terminal end. The use of
a primer design software program may aid in the selection
of optimal primers, especially for difficult reactions. A se-
lection of primer design programs is available (Table 2);
many are commercial, but others are free and net-based.
Primer3 is an example of a free net-based primer design
program that allows the user to optimize primer selection
for all of the aforementioned factors.
There are some simple rules to keep in mind when de-

signing oligonucleotide primers for site-directed mutagen-
esis. The greater the expected alterations in sequence, the
longer the complementary region of the oligonucleotide
primer should be. Deletions or insertions require primers
with complementary sequences of 12–15 base pairs or
more on either side of the target.
Themeltingpoint shouldbebetween53and658C. Insome

cases, a higher melting point may be required, e.g. 788C or
higher in the QuikChangeTM method. An accurate estimate
ofTm for primers between 18 and 24 base pairs in length can
be calculated using the equation Tm5 2(AT)+4(GC)
(Thein and Wallace, 1986). The melting point of the PCR
product canbe calculatedunder standardPCRconditions of
50mmolL21 KCl as Tm5 59.9+0.41(%G+C)2675/
length (Dieffenbach et al., 1995).
The specificity of the oligonucleotide should prevent the

primer from annealing to itself, to the other primer or to
other sequences within the template. Therefore, primers
should not contain any intra- or inter-primer homology
greater than 3 base pairs structure, especially at the
3’-terminus of the oligonucleotide (Kwok et al., 1990).
The GC content of primers should be between 40 and

55%whenever possible. Additionally, sequences with long
polyG or polyC stretches can promote nonspecific anneal-
ing. Long stretches of polyA or polyT can dissociate
(break) from the template, opening up the primer–tem-
plate complex and interferingwith amplification (Innis and
Gelfand, 1994).
The 3’-terminal position of an oligonucleotide primer is

essential for the control of mispriming. Therefore, primers
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Figure 1 Mutagenic oligonucleotide design. The blue box represents the
target gene. The short arrowhead line represents the oligonucleotide. The

cross represents desiredmutation. P, phosphate group at 5’-end of DNA,m,
methyl groups. (a, b) Single or nearby multiple mutations can be designed

into the middle area of one or a pair of complementary mutagenic oligos,
which will lead to the synthesis of the whole plasmid. (c) Mutations at the

terminal regions of a gene can be designed into a pair of mutagenic oligos,
which will lead to the synthesis of the target gene. (d) Scattered multiple

mutations can be designed into a pair of outsidemutagenic oligos (a and d)
andapairofmiddlemutagenicoligos (band c).Mutations inband coligos sit

in the flanking areas that cannot anneal with the template but are
complementary to each other. Polymerase chain reaction (PCR) products

from oligos a and c and oligos b and d can anneal to each other and be
elongated to form dsDNA. Thus, the mutated gene can be generated by a

final PCR with oligos a and d. (e) Multiple mutations separated by long
distancecanbemade inonePCR,usingoneoligopermutation.All theoligos
anneal to the same strandofDNA.Thegapsbetween theoligos are filled and

ligated to generate ssDNA. The ssDNA is then converted into dsDNA in vivo
in the host cell (see Figure 10 for a more detailed description).
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should be designed to have 100%match with the template,
especially towards the 3’-end. Two or three G or C nuc-
leotides at the 3’-terminal will increase the chances of a
successful reaction because the stronger hydrogen bonding
betweenGCnucleotides provides a ‘clamp’ fromwhich the
reaction can proceed (Sharrocks, 1994).

Methods for Site-specific Mutagenesis

Methods for site-specific mutagenesis can be classified into
two groups: non-PCR-based and PCR-based.

Non-PCR methods

Deoxyuridine incorporation-based method

This biological selection-based method (Kunkel, 1985) is
based on the deoxyuridine incorporationmutant screening
method (Table 1). The target gene is cloned in M13, for
example, and then propagated to form an ssDNA template
in a dut2 ung2 Escherichia coli strain. The mutagenic
oligonucleotide is then annealed to the uracil-containing
parental ssDNA (Figure 2). The elongation and ligation of
themutated strand are carried out by T4DNApolymerase
and ligase (Kunkel et al., 1991). The generated heterodu-
plex is subsequently transformed to wild-type E. coli

Table 1 Mutation selection methods in site-specific mutagenesis

Method Mutation enrichment mechanism References

Genetic approach
Deoxyuridine incorporation Parental DNA strand prepared from dut-ung- E. coli

strain incorporates dUTP into DNA, while mutated
strand synthesized in vitro has no uracil residue. Thus,
the parental strand will be degraded by uracil N-
glycosylase after transformation of the heteroduplex
into wild-type host strain

Kunkel et al. (1991), Su and
El-Gewely (1988)

Antibiotic resistance Simultaneous site-directed mutations alter the antibi-
otic resistance gene of the plasmid alongwith the target
gene by specific oligonucleotides. Enrichment of the
desired mutants is by antibiotic resistance

Ishii et al. (1998)

Biochemical approach
Methylation and DpnI DpnI recognizes methylated DNA sequence. There-

fore, any in vivo synthesizedmethylated parentalDNA
strand will be degraded by treatment of DpnI but not
the newly in vitro synthesized mutant DNA strand

Weiner et al. (1994)

Methylation and McrBr Before the mutagenesis reaction, DNA methylase
methylates theDNA template in vitro.When theDNA
is transformed into the host cell, the parental methyl-
ated DNA is digested by the McrBr endonuclease,
leaving only the newly in vitro synthesized unmethyl-
ated mutated DNA

Kelleher and Raleigh (1991),
Waite-Rees et al. (1991)

Thionucleotide selection Phosphorothioated nucleotides are incorporated into
mutated strand during in vitro DNA synthesis. The
incorporation of phosphorothioated nucleotides pro-
tects the DNA from a special endonuclease. Parental
DNA will be nicked and degraded by the exonuclease

Unique site elimination Simultaneous site-directed mutations alter a unique
restriction site of the plasmid alongwith the target gene
by specific oligonucleotides. Enrichment of the desired
mutant by endonuclease restriction before transfor-
mation

Zhu (1996)

Biotinylation Biotinylation of the mutagenic oligonucleotides can
help the purification of mutated DNA from parental
template

Wang et al. (1996)
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strains selecting against uracil-containing DNA, resulting
in mutation frequencies of 50% or greater. The use of T7
DNA polymerase or SequenaseTM instead of T4 DNA po-
lymerase improved the efficiency and complexity of the
generated mutations, by faster polymerization of DNA
and without strand displacement (Su and El-Gewely,
1988), and increased the usefulness of the method by clon-
ing the gene in phagemids instead ofM13. The basic meth-
od is commercially available as a kit (e.g. Muta-Gene1

Phagemid in vitro Mutagenesis Kit version 2, Bio-Rad,
Hercules, CA, USA).

Altered sites1 II In vitro mutagenesis systems

In theAltered Sites II In vitroMutagenesis System (Prome-
ga, Madison, WI, USA), a set of dual primers is used to
introduce a site-specificmutation aswell as simultaneously
restoring an antibiotic resistance marker in a dsDNA tem-
plate/plasmid (Table 1). The mismatch repair-deficient
E. coli host strain (mutS) will not restrict the resulting het-
eroduplex DNA. Subsequent rounds of mutagenesis and
selection can be performed on the same plasmid without
subcloning (Figure 3).

Thionucleotide selection-based method

In the thionucleotide selection-based method, the mu-
tagenic oligonucleotides are annealed to a circular ssDNA
template containing the desired gene. The primer is ex-
tended by T7 DNA polymerase using a mixture of three
deoxynucleotide triphosphates (dNTPs) and one dNTPaS
such as deoxycytidine triphosphate aS (dCTPaS) to form a
mutated strand with phosphorothioate groups (Figure 4).
The parental strand, which does not contain phosphoro-
thioate groups, is then degraded by endonuclease and
exonucleases treatment (Table1).Double-strandedplasmid
DNA template can also be used (Olsen et al., 1993).

Methylation-based method

In themethylation-basedmethod, themutagenic oligonuc-
leotide is annealed to one strand of the heat-denatured
target plasmid DNA prepared using a dam+ E. coli strain.
Subsequent extension with T4DNA polymerase generates
a hemimethylated, double-stranded, ‘half-mutant’ DNA
molecule. DpnI digestions restrict the nonmutant methyl-
ated parental strand. Subsequent transformation is made
using an E. coli mutS strain deficient in DNA repair

Table 2 Selection of some of the available software used to aid in oligonucleotide primer design (listed alphabetically)

Name Description Address

CODEHOP COnsensus-DEgenerate Hybrid Oligonucleotide
Primers. PCR primers designed from protein multiple
sequence alignments

http://www.blocks.fhcrc.org/
codehop.html

Gene Walker The program is based on the philosophy of ease to use.
GeneWalker allows you to work with two primer
sequences simultaneously

http://www.cybergene.se/primerde-
sign/

NetPrimer (PREMIER Biosoft International). NetPrimer
combines the latest primer design algorithms with a
web-based interface, allowing the user to analyse the
primer over the internet

http://www.premierbiosoft.com/
netprimer.html

Primer3 An on-line service to pick PCR primers from nucleotide
sequences

http://www-genome.wi.mit.edu/
cgi-bin/primer/primer3_www.cgi

PrimerDesign 1.10 PrimerDesign is a DOS-program to choose primer for
PCR or oligonucleotide probes

http://www.chemie.uni-marburg.de/
�becker/#Primer

Rawprimer The program is designed for selection of sets of primers
along very large queries, all with a relatively narrow
Tm range. It is also useful in more traditional PCR
applications

http://alces.med.umn.edu/rawprim-
er.html

The Primer Generator The Primer Generator is an automated generator of
primers for site-directed mutagenesis. The program
analyses the original nucleotide sequence and desired
amino acid sequence and designs a primer that either has
a new restriction enzyme site or ismissing anold oneThis
allows for faster sorting out of mutated and
nonmutated sequences

http://www.med.jhu.edu/medcenter/
primer/primer.cgi

Web Primer An application that designs primers for PCR or
sequencing purposes

http://genome-www2.stanford.edu/
cgi-bin/SGD/web-primer

Mutagenesis: Site-specific

4



(Table 1), with 50% mutation efficiency (Amato et al.,
1996).

Unique site elimination-based method

In the unique site elimination-based method (e.g. Trans-
formerTM Site-Directed Mutagenesis Kit, Clontech, Palo
Alto, CA, USA), two primers are annealed simultaneously
to the same strand of a heat-denatured dsDNA template.
One primer is mutagenic and the other is a selection primer
(Table 1). Elongation by T4DNA polymerase results in the
incorporation of both the desired and the selection muta-
tions in the same newly synthesized strand (Figure 5). A

mismatch repair-deficient E. coli strain (mutS) is used for
propagation of the mutated plasmids. Two rounds of se-
lection are performed, resulting in a very highmutagenesis
frequency (Zhu, 1996).

PCR methods

QuikChangeTM Site-Directed Mutagenesis Kit

The QuikChange protocol (Stratagene, La Jolla, CA,
USA) is a simple and commercially available method for
site-directed mutagenesis. A complementary pair of prim-
ers with one or more desired mutations anneals to the
methylated ssDNA template prepared in a dam E. coli
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mutated ampicillin-resistant gene (AmpS). Bacterial cells transformed with

the plasmid are tetracycline resistant, but ampicillin sensitive. Mutagenic
oligo is made containing the desired mutation for the target gene.

Meanwhile, Ampr oligo is made containing themutation, which can repair
the point-mutated ampicillin-resistant gene back to its wild-type coding

sequence. Alkaline-denatured plasmid, ssDNA can anneal to both
mutagenic and Ampr oligo. The mutant DNA strand can be synthesized

with T4 DNA polymerase and T4 DNA ligase. The generated plasmid was
first transformed to mismatch-repair-deficient cell ES1301mutS allowing

the formationofdouble-strandedmutantplasmid that canbe selectedwith
ampicillin plates. Purified plasmid DNA from surviving ES1301mutS was
then transformed to JM109grownonampicillinplates to select andamplify

mutant plasmid.
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strain. High-fidelity Pfu DNA polymerase is used to syn-
thesize the remaining plasmidDNAwithout displacing the
mutant oligonucleotide primers (Figure 6). Upon subse-
quent treatment with DpnI restriction enzyme, which is
specific for methylated DNA, DpnI restricts the methylat-
ed parental DNA template, whereas the PCR-generated
nonmethylated mutant strand remains intact (Table 1). Up
to 80%mutagenesis efficiency can be achieved. A two-step
procedure based on the QuikChange Site-Directed Muta-
genesis Protocol was modified by Wang and Malcolm
(1999). It increases the mutagenesis efficiency for large
primers, introducing multiple site substitutions (60mer/9
substitutions), long deletion (43mer/31-base deletion) and
insertion (73mer/31-base insertion). Improvement was
made by adding a pre-PCR, single-primer extension step

before the standard QuikChange protocol, to prevent the
formation of primer-dimers. See also: Polymerase chain
reaction (PCR)

GeneTailorTM Site-Directed mutagenesis system

GeneTailor Site-Directed mutagenesis system (Invitrogen,
Paisley, UK) is another simple and commercially available
method for site-directed mutagenesis. The target DNA is
incubated with DNA methylase before the mutagenesis
reaction (Figure 7). Thismethylasemethylates cytosine resi-
dues within specific sequence in the dsDNA (Table 1). The
DNA is then amplified with two overlapping oligonucleo-
tides, one of which contains the target mutation, giving
dsDNA containing the mutation. The mutagenesis mix is
then transformed directly into E. coli cells. No in vitro
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digestion or purification steps after the mutagenesis reac-
tion are required. TheMcrBC endonuclease in the host cell
digests specifically the methylated parental DNA template
(Kelleher and Raleigh, 1991; Waite-Rees et al., 1991),
leaving only an unmethylated, mutated product.

Mutagenesis at multiple sites

Mutagenesis at multiple sites can be made in one PCR ,
using a single oligonucleotide per mutagenic site, using for
example QuikChange multi Site-Directed Mutagenesis,
Stratagene. All of the mutagenic oligonucleotides are de-
signed to anneal to the same strand of denaturated tem-
plate DNA. The polymerase then extends the primers with
high fidelity and without strand displacement, generating
dsDNA molecules with one strand bearing multiple mu-
tations and nicks (Figure 8). These nicks are sealed by the
components in the enzyme blend. Themethylated parental
DNA and hemimethylated parental mutated heteroduplex
DNA are then restricted by DpnI (Table 1). The mutated
ssDNA is transformed into competent cells where the mu-
tant closed circle ssDNA is converted into duplex form in
vivo. Mutation efficiencies ranging from 95 to 32% using
1–5 mutagenic primers have been reported (Hogrefe et al.,
2002).

Inverse PCR method

Inverse PCR (e.g. ExSiteTM PCR-Based Site-Directed Mu-
tagenesisKit, Stratagene) (Fisher and Pei, 1997) uses a pair
of tail-to-tail primers (at least one is phosphorylated) to
amplify the entire double-stranded plasmid containing the
desired gene, which produces linear dsDNA with blunt
ends. Selection of mutants was as described earlier em-
ploying dam host strain and DpnI. After treatment with
DpnI restriction enzyme, the product is then circularized by

Cloned gene with target site for mutation (  )

Annealing of the mutagenic primers

Extending and incorporating of the mutagenic
primers by pfu DNA polymerase results in nicked
circular strands

The methylated, nonmutated parental DNA
template is digested by DpnI

The circular, nicked dsDNA is transformed into XLI Blue
supercompetent cells. The nicks in the mutated plasmid
will be repaired by XLI Blue

Figure 6 Site-directed mutagenesis method based on the QuikChange

method. Two complementary primers with the desired mutation are used
in a PCR to synthesize mutated DNA. The parental strands, methylated

before PCR by dam+ E. coli host, is digested by DpnI (restriction
endonuclease cut at GmeA# TC site) and the nicked vector with the

mutation was transformed into XLI Blue. The mutation is verified by
sequencing.
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ligation and transformed in the appropriate E. coli host
(Figure 9). When inverse PCR is used for base-pair substi-
tutions, mutations should be placed in themiddle of one of
the primers (Stemmer andMorris, 1992). Inverse PCR can
also be used in insertion and deletion mutagenesis (Dorrell
et al., 1996).

Megaprimer method

In the megaprimer method (e.g. Mutan-Super Express
Km, Pan Vera, Madison, WI, USA), two primers flanking
the sequence region of interest/gene and one mutagenic
primer in themiddle are used in a two-stepPCRprocedure.
In the first PCR, the mutagenic primer and one of the
flanking primers are used, resulting in a dsDNA fragment
containing the desired mutation. This is referred to as a
megaprimer. Following fragment purification, a second
PCR is performed with the second flanking primer and the
megaprimer, generating a larger fragment for cloning into
the appropriate vector. Amutagenesis efficiency of at least
85% has been reported (Brons-Poulsen et al., 1998). It
should be noted that the DNA polymerase used in this

method should lack any 3’-terminal transferase activity. In
the Mutan-Super Express Km protocol, only two primers
are needed: one is the mutagenic primer and the other is an
antibiotic selection primer. The first PCR produces the
megaprimers that can be used on the plasmid template to
produce the entire length of the plasmid.

Overlap extension method

The overlap extension method (e.g. LA PCR In vitroMu-
tagenesis Kit, Pan Vera) uses two flanking primers that
introduce unique restriction sites for cloning; two mu-
tagenic middle primers are designed with overlapping se-
quence at their 5’-ends (Figure 1d). Two PCR reactions are
performed, each with one flanking primer and one middle
primer, to generate two DNA fragments with overlapping
ends containing the desired mutation(s). Subsequent fu-
sion reaction is made so that the overlapping ends anneal.
The fusion product is amplified in a second PCR with the
two flanking primers and subsequently cloned into a prop-
er vector (Ho et al., 1989).
The aforementioned techniques offer clues for designing

or optimizing a mutagenesis protocol as needed, or may

Transformation

Dpnl treatment

Methylated
template
plasmid

M

M

M

M

M

M

M

Methylated
template
plasmid

M

M

M

M

M

M

M

Mutagenic
oligo annealing

P

P

M

M

M

M

Elongation
and ligation

M

M

M

M

Hemi-
methylated

heteroduplex
M

M

M

M

Mutated
single-

stranded DNA

Mutated
single-

stranded DNA

Mutated
double-

stranded DNA

Thermal cycles

Figure 8 Outline of the mutagenesis strategy at multiple sites. The short

arrowed line represents oligonucleotide, m, methyl group; P, phosphate
group at 5’-end of DNA. All the oligos are designed to anneal to the same

strand ofDNA, one oligonucleotide permutation. The polymerase extends
the primers without strand displacement, and the nicks created are sealed

by the components of the enzyme blend. The methylated parental DNA is
restricted by DpnI (restriction endonuclease cut at GmeA# TC site). The ss-

mutated-DNA is converted to dsDNA in vivo in XL-10-Gold1 cells.

P x
m

m m

m

P

m

Long PCR with oligonucleotides
encoding desired mutation of
one primer

xxP P

Ligation

m

m m

m

m

m

m

Methylated template

Digestion with DpnI

x
x

Mutant

m

m m

m

m

m

Template

x
x

Mutant

Figure 9 Overview of the inverse PCR-based site-directed mutagenesis
protocol (Fisher and Pei, 1997), ExSite. This method requires

phosphorylated primer(s). It permits insertions and deletions. DpnI,
restriction endonuclease cut at GmeA#TC site; m, methyl group; P,

phosphate group at 5’-end of DNA.

Mutagenesis: Site-specific

8



help in selecting a commercially available site-directed
mutagenesis kit (Table 3)

Expression of Engineered Mutants

Since all site-specific techniques aim at introducing alter-
ations in an encoded protein or a regulatory DNA se-
quence, the engineered mutants must be transformed into
an appropriate host strain for testing the mutants.

Application of Site-specific
Mutagenesis

Site-specific mutagenesis methods are performed for dif-
ferent objectives. Some examples of the most widely used
applications are listed below.

Structure–function relationship

Perhaps themain application of site-specificmutagenesis is
the study of the structure–function relationship of pro-
teins. These studies are diverse in their objectives, being
used, for example, to investigate the role of a specific resi-
due in a protein, motif or domain (Bittova et al., 1999;
Hagen et al., 1999), or the intragenic complementation
between specific engineered mutants (Storbakk et al.,
1996). The active sites of several proteins have been sub-
jected to analysis by site-specific mutagenesis (Chan et al.,
1999; Komori et al., 1999).

Regulatory sequences analysis and
optimization by site-specific mutagenesis

Cis-acting DNA sequences such as operators and promot-
ers are often subjected to site-specific mutagenesis, for

example for the analysis of gene regulationand to verify the
exact bases involved in DNA–protein interactions. The
optimization of such an interaction can then be followed
(Doan and Aymerich, 2003; Guillier et al., 2002; Papp
et al., 2002).

Optimization of heterologous gene
expression

Heterologous gene expression can be optimized by site-
specific mutagenesis, for example, for codon optimization
of the gene to be expressed in the new host (Hale and
Thompson, 1998; Zimmerman et al., 1998). However, a
modifiedE. coli host strainwith adjusted codon bias is now
commercially available (http://www.stratagene.com/). In
several reports, attempts have been made to alter the pri-
mary structure of a protein by site-directed mutagenesis.
The alterations could prevent the formation of inclusion
bodies in heterologous gene expression without compro-
mising the activity of the recombinant protein (Yoshikawa
et al., 1999). Substituting aminoacids that clashwith theN-
end rule (Varshavsky, 1996) by site-directed mutagenesis
renders these mutants resistant to degradation by the
ubiquitin-proteasome pathway in heterologous gene ex-
pression (Hammerle et al., 1998). See also: Codon usage in
molecular evolution; Gene expression in Escherichia coli;
Ubiquitin pathway

Synthetic mutations for human diseases

The synthetic mutation approach (El-Gewely, 1991; Xu
and El-Gewely, 2003) enables scientists tomakemutations
in vitro thatmimicmutations discovered only bymolecular
diagnostic and DNA sequence studies. The construction
of mutants is simpler than the option of constructing a

Table 3 Site-directed mutagenesis kit (alphabetically by supplier)

Kit Supplier Address

Muta-Gene in Vitro Mutagenesis Kit Bio-Rad http://www.bio-rad.com/
Transformer Site Directed Mutagenesis Kit Clontech Laboratories, Inc. http://www.clontech.com/
GeneTailor Site-Directed Mutagenesis System Invitrogen http://www.invitrogen.com/
LA PCR in vitro Mutagenesis Kit Pan Vera http://www.panvera.com/
MutanTM-Express Km
Altered Sites II In Vitro Mutagenesis System Promega Corp. http://www.promega.com/
GeneEditorTM

Tfu DirectTM Qbiogene http://www.qbiogene.com/
Chameleon1 Double-Stranded Site-Directed Mutagenesis
Kit

Stratagene http://www.stratagene.com/

QuikChange1 Site-Directed Mutagenesis Kit
QuikChange1 XL Site-Directed Mutagenesis Kit
QuikChange1 Multi Site-Directed Mutagenesis Kit
ExSite PCR-Based Site-Directed Mutagenesis Kit
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complementary DNA (cDNA) library of the appropriate
tissues from the newpatient. This is especially helpfulwhen
the gene under investigation is highly mutated and present
in a wide range of tissues. See also: Human genetics: online
resources; Tumour suppressor genes

Site-specific mutations to facilitate drug
development

In the process of drug development and following the dis-
covery of lead compounds,mutations of key residues in the
target protein are performed in order to study the inter-
action between the target and the screened ligand. More-
over, molecular modelling as well as the simulation of
drug-resistant variants by site-specific mutagenesis may
lead to further improvements in the structure of the lead
compound and consequently may result in more efficient
drug (Yao et al., 2003; Wang et al., 1999).

In vivo-specific genomic DNA mutagenesis

As an alternative to in vitromutagenesis, we should also be
aware that in vivo-specific genomic DNA mutagenesis is
possible. Early work has focused on ‘knockout’mutations,
which eliminate gene function completely (Rossant and
Nagy, 1995). Other more precise alterations for single-
nucleotide exchange have been developed in order to gain
further understanding in establishing human genetic syn-
drome models and as a guide for gene therapy. These
methods include homologous recombination, site-specific
recombinases (Rossant and Nagy, 1995) and the ribonu-
cleic acid (RNA)/DNA chimaeric oligonucleotide method
(Kochevenko and Willmitzer 2003; Beetham et al., 1999).
A method for gene replacement without selection was re-
cently developed using E. coli (Herring et al., 2003).
See also: Knockout and knock-in animals

Summary

Theneed to change specific sequences inmodernmolecular
biology is even more important than it was for the early
geneticists to introduce mutation in the genome of a given
organism at random. Techniques for making site-specific
changes are becoming easier and the applications of site-
specific alterations are almost unlimited. Specific amino
acids can be substituted, deleted or inserted for various
studies via changes in the DNA. Equally important is that
the cis-acting elements in gene regulations can also be an-
alysed and subsequently optimized by site-specific muta-
genesis. In themodern drug discovery process, site-specific
mutagenesis is a valuable tool used to modify the target
protein in order to optimize the ligand potential as a ther-
apeutic drug.
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